Dynamic compressive tests of 3D braided composites with different braiding angle were carried out in the longitudinal, transverse and thickness directions respectively using the Split Hopkinson pressure bar (SHPB). The results show that the compressive properties present obvious strain rate strengthening effects in all directions. The 20° and 45° braided composite are most sensitive to strain rates in the longitudinal direction. The composites present the features of brittle failure at high strain rates, especially in the longitudinal direction. The composites with larger braiding angle have weaker mechanical properties in the longitudinal and transverse directions but stronger mechanical properties in the through-thickness direction. The braid angle has the greatest impact on the longitudinal mechanical properties. The compressive stress-strain curves in the thickness direction were similar to the hysteresis curve for both the 30° and 45° braided composites. The compressive failure modes vary with the loading directions and strain rate.
INTRODUCTION
Three-dimensional (3D) braided composites is an promising composite material (Mouritz et al., 1999) , which have been widely employed in aviation applications due to its high interlaminar shear strength and excellent impact resistance (Kamiya et al.,2000; Bilisik, 2013) . As 3D braided composites have complex architecture preform, its mechanical behavior is affected by constituent fiber and matrix properties and fractions and braiding angle (Huang, 2016) . Many researchers have conducted study on the internal configuration and relative cross section assumption Li, et al. 2010) , the elastic properties and strengths prediction and failure analysis of the braided composites. Different experimental, analytical, and numerical methods were employed (Ge et al. 2018; Li et al. 2014; Zhang et al. 2015; Fan et al. 2015; Wang et al. 2018) .
The dynamic responses of 3D braided composites under high velocity impact is extremely important when it encounter impact conditions such as FOD, bird/ice impact or blade out event as the aircraft or aeroengine structural component instead of metal material for weight savings. Although its mechanical properties have been widely investigated, few studies were conducted on its impact behavior. To study the impact resistance and failure modes of 3D braided composites, ballistic impact tests were generally conducted by researchers. Gong and Sankar (1991) performed impact experiments on 3D braided composites and compared its damage pattern and impact resistance with quasi-isotropic laminates. Tests results indicate that 3D braided composites have better damage tolerance than laminates with in spite of similar bending stiffness. Flanagan et al. (1999) conducted ballistic impact tests to compare the impact resistance and failure modes of textile composites with different construction, including woven, 3D braided, and needle-punched composites. Tang , Yan, Chen, et al. (2001) indicate the primary damage is bundle interface cracking and intra-bundle delamination at the bundle crimping locations while the failure modes were mainly fiber/matrix debonding, delamination and matrix cracking propagation. Xu and Gu (2002) state that the major high velocity impact failure modes of 3D braided composites are shear and compression failure in the impact surface but extensive tension failure in the exit surface. Jenq and Mo (1996) , Jenq et al. (1998) conducted ballistic impact tests with velocities 70~170 m/s, and found the major impact damage pattern is indentation, matrix failure, fiber breakage, and axial and braider yarn pulled out. Zhou et al. (2016 Zhou et al. ( , 2018 de-scribed the transverse impact damage mechanisms of 3D circular braided composite tubes and discussed the effects of impact velocity, braided angle and the braiding layers number. Zhang et al. (2012) presented the transverse impact results of 4-step 3D braided composite and pointed out that the failure area is in a zigzag shape due to the braided fiber tows breakage. Because conducting ballistic impact tests are usually restricted by device ability, and always consume a large number of money and time. Therefore, numerical methods is become more and more preferred to investigate the dynamic response of 3D braided composites, which also helps the process of structures design and optimization (Zhang et al. 2017; Zheng et al. 2011) .
To analyze the impact behavior of 3D braided composites require to describe the dynamic mechanical behaviors in high strain rate (10 1 /s-10 4 /s) of 3D braided composites. Recently, some scholars have conducted relative studies on dynamic behaviors of 3D braided composites. The compressive properties of 3D braided composites were studied more extensively than tensile and shear properties. Generally, the uniaxial tensile modulus, maximum tensile stress of 3D braided composites increased with the strain rate almost linearly (Gan et al. 2012; Sun et al.2005; ) . Li et al. (2017 Li et al. ( ,2016 conducted dynamic shear tests on 3D braided composites and investigated the influences of braiding parameters on the shear failure modes. Multiple damage modes including fiber tows fracture, fiber/matrix debonding, matrix cracks and inter-yarn delaminations were observed under shear loading.
Although various numerical methods based on finite element model in different scale (Zhang et al. 2014a; Wan et al. 2015; Fang et al.2011) have been developed to be more mature, the experimental methods using Split Hopkinson Pressure Bar (SHPB) still play the major role in most research on dynamic behavior of 3D braided composites. Gu (2007a, 2007b ) studied out-plane and in-plane compressive and uniaxial tensile behavior of 4-step 3D braided composites at high strain rates through experiments. The mechanical properties of 3D braided composite materials are strain rate sensitive. Both the failure stress and compressive stiffness increase with strain rate. The 3D 5-directional braided composites were also tested to obtain its uniaxial compressive behavior at strain rates ranging from 350 s -1 to 1600 s -1 (Wang et al., 2010) . The energy absorption also increases with strain rate, corresponding to the different damage mechanisms with quasi-static compression (Gu and Chang, 2007) . Similarly, Li et al. (2011 Li et al. ( , 2009 reported the strain rate strengthening effects of 3D braided composites under longitudinal and transverse compression. For the past few years, the high strain rate compressive properties of 3D braided composites at low temperature (Pan et al., 2015) and high temperatures (Song et al., 2014) were investigated respectively.
Although the current research indicating the influences of strain rate on the compressive properties of 3D braided composites in terms of certain braiding angle and loading direction, there are limited research on the influence of both loading direction and braiding angle. In this paper, the effect of loading direction and braiding angle on the dynamic compressive behaviors of 4-step 3D braided carbon fiber/epoxy composites at strain rates ranging from 800 s -1 to 2000 s -1 was studied experimentally through SHPB apparatus. The compressive stressstrain curves, compressive modulus, failure stress/strain and the energy absorption of 3D braided composites at the longitudinal, transverse and thickness directions were obtained and compared.
SHPB testing methods

Materials and specimen
The braided preform was manufactured by a 4-step rectangular 1×1 braiding process with Toray T700 carbon fiber tows of 12k (12000 filaments in each tow). The TDE-86 epoxy resin provided by Tianjin Jingdong corporation were injected into the carbon fiber braided preform by vacuum assisted resin transfer molding process, and the fiber volume fraction is measured between 60%~62%. The samples of braided composites were produced in dimension of 380mm (length) × 180mm (Width)× 10mm (Thickness), as shown in Figure 1 (a) , and the braiding direction is along the longitudinal direction. The testing specimen of the dynamic compression was a 10 mm long cube (see Figure1 (b)), cut from the above sample. The form of specimens used for the dynamic compression test is referred to the study of Pan, Gu and Sun (2015) and Zhang et al. (2014b) . The dimension of the cube is designed to include at least one unit cell to represent the integral properties of braided composites. The schematic diagram of the testing specimen and the braiding angle α is shown in Figure 1 (c) , where the braiding angle of the testing specimen is the angle between the braided yarn in the braided preform surface and the longitudinal axis of braided preform. The braiding angle is the most important parameter except mechanical properties of braided tow that influence the stiffness and strength of braided composites. In the current study, samples were manufactured in three different braiding angles, i.e. 20°, 30°, 45°, to figure out the influences of braiding angle on the impact behavior. 
Dynamic compressive testing
The dynamic compression tests were carried out on a Split Hopkinson Pressure Bar (SHPB), as shown in Figure 2. The dynamic test is conducted on an SHPB system with bars of diameter 14.5 mm. The length of striker bar, incident bar, and transmission bar are 40 mm, 150 mm and 10 mm, respectively. To match the impedance resistance with that of the composite material, high strength steel is chosen for the bar material (Song et al. 2014 ). The incident, reflected and transmitted wave measured with strain gage are recorded by the high dynamic strain indicator in terms of voltages, which are converted into εi, εr and εt. Particularly, to observe the dynamic fracture process of 3D braided composites, one high speed camera (HX-3E type, NAC) were placed in front of the testing specimen. The frame frequency is chosen as 24940 photos per second. The typical stress wave obtained in the experiment is shown in Figure 3 . The engineering stress ( s  ), strain ( s  ) and strain rate ( s  ) in the specimen can be calculated based on one-dimensional stress wave theory by the strain measure in the incident bar and transmission bar:
Where i  is the strain signal of the incident pulse, r  is the strain signal of the reflected pulse, and t  is the strain signal of the transmitted pulses; ls is the sample length, Ab and As are the cross-section area of the bars and specimen, Cb, ρb, and Eb are uniaxial elastic stress wave speed in pressure bars, density and Young's modulus of the bars respectively. Ls is the original thickness of the specimen. For the 3D braided composite samples in this paper, there are three directions of loading, namely longitudinal, transverse, and thickness directions. The definition of the loading direction is illustrated in Figure1. To unify the strain-rate ranges of 3D braided composite samples of different braiding angle in different loading direction, the same gas pressure were used for dynamic compression testing. Each direction of the specimen with different strain rates has been tested three times to verify the reliability of the experimental results. Only in case the three results agree with each other well (as shown in figure 4), it could be considered correct and used to be studied. 3 Dynamic compression behavior of 3D braided composites
The dynamic compression tests in the longitudinal, transverse and through-thickness directions were carried out on 20°, 30° and 45° braided composites respectively with the launch pressures of 0.4 Mpa, 0.6 Mpa, 0.3 Mpa and 1.0 MPa. Each test was repeated three times under every launch pressure. The dynamic compressive test results were used to figure out the effect of strain rate, loading direction and braiding angle on the dynamic mechanical properties and failure modes.
Longitudinal compression behavior
The results of longitudinal SHPB tests results for 3D braided composites of different braiding angle are shown in Table 1 . The longitudinal compression stress-strain curves are shown in Figure 5 for different braiding angle respectively while the longitudinal compression failure morphology in different strain rate are shown in Figure 6 .
From Table 1 , it can be seen that the ultimate strength and elastic modulus of 20° braided angle composites increased greatly compared with the value at the quasi-static strain rate, indicating that the composites is quite sensitive to strain rate under longitudinal compression. The ultimate strength at the quasi-static strain rate was between 1339/s and 1906/s, and the elastic modulus was significantly lower than that at high strain rates. This is because under the quasi-static compression, due to the slow loading, the material had enough time to adjust to the increase of strain. It can be seen that the failure strain of the composites under a quasi-static state is obviously greater than that of the materials at the high strain rate. The ultimate strength at the quasi-static state was obviously higher than that at the strain rate 847/s, which was close to the value at high strain rates after reinforcement, whereas the stiffness is significantly worse than that at high strain rates. The results of 30° braid angle are similar to that of 20° braid angle. With the increase of strain rate, the ultimate strength and elastic modulus of the composites both increased, but the strengthening effect of strain rate become unapparent when the strain rate exceeded 1500/s. For the 45° braid angle, as the strain rate increased, the ultimate strength of the material increased and the elastic modulus decreased slightly. Under the 30° longitudinal compression, the testing specimen was completely ruptured and the matrix was separated from the fiber bundles, producing a bundle of black fiber bundles and light yellow resin particles. In contrast, the 45° braid angle testing specimens were not fully crushed under the longitudinal compression, as shown in Figure 6 (c). When the strain rate was 1022/s, the testing specimens were pressed flat and the fiber bundles were interlaced, with crushed resin particles filling between the gaps. Under the other three strain rates, the testing specimens were completely broken, where the matrix and the fiber bundle were split up, and fiber bundles were also separated from each other. Figure 6: Failure modes of composites with different braid angles under longitudinal compression at different strain rates. Figure 7 shows the failure modes of the 20° braided angle composites as the testing specimen at the strain rate 847/s photographed by a high-speed camera. The first six of these pictures were taken during the spreading process of the first stress wave, while the last two were taken near the final destructive form. It can be seen that under the influence of the first stress wave, both ends of the testing specimen were crushed, and then the crack expanded rapidly to the middle. Soon the entire testing specimen ruptured along the longitudinal direction, the surface was broken into many small pieces, the fiber bundles and the matrix were separated. Under the dynamic compression, the testing specimen was completely broken, while under the quasi-static compression, the surface of the testing specimen was cracked but its overall shape remained intact, indicating that the material is more brittle at the high-strain rate. The comparison on the morphologies of the testing specimens under the quasistatic and high strain rates shows that the failure modes of the materials vary under different strain rates: the former failure modes mainly included interface debonding, fiber bundle breakage and matrix cracking; the latter mainly presented peeling of fiber bundles and matrix. The results of transverse SHPB testing on braided angle composites at different angles are shown in Table 2 , and the transverse compression stress-strain curves are shown in Figure 8 . Figure 9 shows the failure morphology of the testing specimen under compression at different strain rates. Figure 10 presents the loading and failure process of the 20° braided angle composites at the strain rate of 1365/s photographed by a high-speed camera. It can be seen from Table 2 that the ultimate strength and elastic modulus of the 20° braided composites under the transverse compression both increase at the high-strain rate compared with the quasi-static state, indicating that the material shows strengthening effect on the strain rate under the transverse compression. However, the higher the strain rate, the less obvious the change of mechanical properties. The ultimate strength and elastic modulus of the material at the strain rate of 1365/s were almost the same with those at the strain rate of 1801/s. At the high strain rate, the failure strain of the material increased with the increase of the strain rate, but it was much smaller than that of the material under the quasi-static condition. The mechanical properties of composites with 45° braid angle were similar to those with 30° under the transversal compression. As the strain rate increased, the ultimate strength of the material increased slightly and the elastic modulus did not show obvious change.
As seen from the morphologies of the testing specimens at different strain rates (Figure 9 (a)), the higher the strain rate, the more serious the damage of the testing specimens: In the quasi-static state, there were two symmetrical cracks in the plane perpendicular to the longitudinal direction. At strain rate 986/s, the crack deepened and spread wider, together with the separation of the matrix and fiber at the cracking. At strain rate 1365/s, the failure expanded from the partial crack to the whole testing specimen, with the fiber bundles breakage and shedding on the surface of the testing specimens. The length of the testing specimens in the through-thickness direction increased obviously when it was squeezed. At strain rate 1801/s, the testing specimens broke into several pieces, and the fiber bundles were fractured at the surfaces of the ruptured pieces. It can be seen from the morphologies of 20° braided composites under compression that the failure modes of the tested composites at the quasi-static and high strain rates were similar; both of them produced two cracks along the middle point of one side to the two opposite ends of the opposite side. The higher the strain rate, the more extensive the crack expanded, and the more serious the damage was caused o the tested composites.
The failure modes of the testing 45° braided composite specimen were similar to that of 30°. The 45° testing specimen, compressed in the transverse direction, was elongated in the thickness direction. Some of the fiber bundles and the resin were squeezed to form a porous structure with remarkably larger resin particles on the surface than those in 30°. The failure modes of the testing specimens under different strain rates are similar, including the surface cracking, the debonding of the fibers and the matrix, and the breakage of some of the fiber bundles. Similarly, even at the highest strain rate, the testing specimen was still intact under the transverse compression, instead of breaking into pieces. The pictures from the high-speed camera (Figure 10 ) show that the material had much better ductility under the transverse compression than under the longitudinal compression. During the spreading process of the first stress wave, due to the flying out of some of the fiber bundles and matrix in the testing specimen during the compression process, the compressed testing specimen became porous, and at last part of the deformation was recovered. Under the transverse compression, the failure modes of the composites mainly include fiber slip, matrix collapse and shear failure at the fiber-matrix interfaces. 
Transverse compression behavior
The compressive properties of composites with different braid angles in the through-thickness direction are shown in Table 3 . The stress-strain curves of different braid angles in the through-thickness direction are shown in Figure 11 . The failure morphologies of the testing specimens under different strain rates are shown in Figure  12 . Figure 13 presents photos of the dynamic compression process of the 20° braided angle composites in the thickness direction at the dynamic strain rate of 1365/s taken by the high-speed camera. As shown in figure 11(a) , the 20° braided angle composites, the ultimate strength and elastic modulus of the tested materials all increased to some extent with the increase of strain rate, indicating that the composites also present enhancement effect on the strain rate when compressed in the thickness direction. In the quasi-static tests, the stress-strain curves featured with a significant inflection point when the strain reached 0.05, and then the stress and strain kept rising, the curves did not decline even when the strain rose up to 0.35. This is because under the quasi-static compression, testing specimens were given enough time to adapt to strain changes and the internal fiber bundle could be compressed more tightly, so that even if the force became very large, it is still difficult to crush it. Hence, the inflection point was selected, where the testing specimens turned from the elastic stage into a plastic stage, as the ultimate strength under the quasi-static compression. As it can be seen from the comparative curves, the ultimate strength and elastic modulus under the static compression were both less than the corresponding parameters of high strain rate. The morphologies of the 20° testing specimens ( figure 12(a) ) under different strain rates shows that the higher the strain rate, the more serious the damage of the testing specimens: At 1057/s, the testing specimen cracked along the diagonal direction of the surface under the shear force; At 1200/s, the testing specimen shear failure occurred, as the internal fiber bundles broke during their interaction process; At 1569/s, the testing specimen shear failure was more serious, and was broken into three smaller pieces. Figure 13 taken by the high speed camera shows the spreading process of the first stress wave. It is found that the testing 20° braided composite specimen was crushed into three pieces and eventually both flew outwards. The material damages at the quasi-static and high strain rate are also different: the former failure mode is the cracking and deformation of the matrix, with the fiber bundle being partially distorted. With noticeable extruded resin on the surface, and the material was crushed flat but remained intact; The latter involves shear fracture and matrix shear yielding of fiber bundles.
When the testing specimen with 30° braid angle was compressed in the thickness direction ( figure 11(b) ), the ultimate strength increased slightly and the elastic modulus decreased slightly with the increase of strain rate. When the strain rate was higher than 1200/s, the change in the two parameters was not obvious. At the two strain rates of 908/s and 1274/s, the stress-strain curves behaved in a similar way to the hysteresis curve, showing that the material deformed under pressure, but it was not destroyed, followed by the rebound of the incident bar, helping recovery of most of the deformation, which is similar to the loading-unloading process of metals. It can also be seen from Figure 12 (b) that there is almost no deformation in the material at these two strain rates. At 908/s, the testing specimen hardly presented any change in the morphology. At 1274/s, the edge of the testing specimen was slightly damaged and its surface had diagonal cracks, with noticeably extruded resin. At 1478/s, the testing specimen encountered shear failure and was split diagonally. However, there were still fiber bundles connected inside rather than being completely separated. At 1691/s, the testing specimen fractured diagonally into two pieces, with noticeable broken fiber bundles and resin powder.
When the testing specimen with 45° braid angle was compressed in the thickness direction, as shown in figure 11(c) , the ultimate strength of the material increased obviously with the increase of the strain rate, and the elastic modulus first increased and then decreased. Similar to the tests on the 30° braided angle composites, a stress-strain curve similar to the hysteresis curve appeared at the first three strain rates. The morphology of the three testing specimens was also identical, similar to Figure 12 (c), with no obvious changes. Only when the strain rate reached 1733/s, the testing specimen was broken into two uneven pieces and the shape of this stress-strain curved was also different from those of the first three pieces. The dynamic compressive stress-strain curves of different braided angles at the same launch pressure (with similar strain rate) were selected for comparison to figure out the effect of braiding angle on the mechanical properties. Figure 14 is the compressive stress-strain curves of composites with different braiding angle in the longitudinal direction. As the braid angle increased, the ultimate strength and elastic modulus of the material were significantly reduced. The ultimate strength and elastic modulus of the composites with the braid angles of 20°, 30° and 45° are respectively 345.1MPa, 175.1MPa, 86.7Mpa, 51.0GPa, 17.4GPa and 10.3GPa . Compared with the values in the 20° braid angle, the ultimate strength and elastic modulus decreased by 49.3% and 65.9% for 30° braid angle composites, and for the 45° braided composites decreased by 74.9% and 79.8% respectively. It is shown that the braid angle has a large impact on the mechanic properties of materials under the longitudinal compression. This is mainly because the larger braid angle lead to large angle between fiber direction and the compression loading direction. It is easier to debond the fiber bundles and matrix interfaces and for the fiber bundles to be damaged under the combined effect of compress and shear, thus reducing the load-bearing capacity of the material. Figure 15 shows the comparison stress-strain curves of composites under with different braiding angle in the transverse direction. It can be seen that the ultimate strength and elastic modulus of the material decreased to a certain degree as the braid angle increased. The ultimate strength and elastic modulus of braiding angle of 20°, 30° and 45° were respectively 269.3MPa, 202.4MPa, 130.2Mpa, 13.3GPa, 9.1GPa and 10.7GPa . Compared with the values in the 20° braiding angle, the ultimate strength and elastic modulus of 30° braiding angle composites decreased by 24.8%, 31.6% and for 45°, respectively by 51.7% and 19.5%. Compared with the case of the longitudinal compression, the braiding angle has a relatively small influence on the mechanical properties under transverse compression. The braided composites was mainly subjected to shear failure under transverse compression. This is because the fiber bundles in the shear plane is more easily to be torn and the the fiber bundles out of the shear plane are more prone to fracture by the shearing force as the braiding angle increases. Accordingly, the mechanical properties in the transverse direction decrease. Figure 16 shows the comparison of stress-strain curves of different braided angle composites under the thickness compression. As the braid angle increased, the ultimate strength increased to a certain extent while the elastic modulus decreased. The ultimate strength and elastic modulus of composites with the braiding angles of 20°, 30° and 45° were respectively 299.4MPa, 321.1MPa, 359.0Mpa, 12.1GPa, 11.2GPa and 9.3GPa . Compared with 20° braiding angle composites, the ultimate strength of those of 30° and 45° increased by 7.2%, 19.9% and elastic modulus decreased respectively by 7.4% and 23.1%. The stress-strain curve at 20 ° braid angle is bellshaped, while the stress-strain curves for 30° and 45° braid angles are close to the hysteresis curve, similar to the loading-unloading process of metals. Moreover, from the morphology of the testing specimens after the test, the testing specimen of 20° braid angle broke into two parts, while the testing specimens of 30° and 45° braid angles were basically not damaged. The results show that the larger the braid angle, the better the mechanical properties in the direction of thickness. This is because the small unit cell size allows fiber bundles arranged closer in the thickness direction for the composites with larger braiding angle, resulting in better impact resistance. 
CONCLUSIONS
In the current study, the quasi-static and dynamic compression tests were conducted in different directions on the three-dimensional four-step braided composites with different braiding angles. The main conclusions are as follows:
(1) For 3D braided composites, the compressive ultimate strength increases with the strain rate in the longitudinal, transverse and thickness directions, showing obvious strain rate strengthening effects in all directions. The composites with 20° and 45° braid angles are most sensitive to strain rates in the longitudinal direction, followed by the thickness direction, and least sensitive in the transverse direction. The composites with the 30° braid angle are also most sensitive to strain rates in the longitudinal compression, while it is less sensitive in the transverse and through-thickness directions. At high strain rates, the composites present the failure mode of brittleness than under the quasi-static compression, particularly in the longitudinal direction. (2) The braid angle affects the mechanical properties of the composites under the dynamic compression in all three directions. The larger the braid angle, the weaker the mechanical properties in the longitudinal and transverse directions, the stronger the mechanical properties in the through-thickness direction. The braid angle has the greatest impact on the longitudinal mechanical properties. In particular, stress-strain curves were similar to the hysteresis curve for both the 30° and 45° braided angle specimens under pressure in the thickness direction. The composites were deformed under pressure but not destroyed. Then the incident bar rebounded, so that most of the deformation of the material was restored, similar to the loading-unloading process of metals. Subsequently, as the strain rate kept increasing until the testing specimen was damaged, and the stress-strain curve changed to a bell shape again. (3) The three-dimensional four-step braided composites have different failure modes when compressed in different directions, as well as in different strain rate. The failure modes during longitudinal quasi-static compression mainly involves interface debonding and matrix cracking, while the fiber bundles and matrix were separated at the high strain rate longitudinal compression. The transverse compression mainly caused damages including fiber slip, matrix crushing, as well as shear failure of the fiber bundle and the matrix interfaces. The quasi-static compression in the thickness direction lead to cracking and deformation of the matrix, partial distortion and damage of the fiber bundles, whereas in the high strain rate compression, the fiber bundle shear fracture and matrix shear yield occurred. 
